as part of normal turnover (Yanagishita and Hascall,
1984) and in response to pathophysiological events nist, potentiated its activity in a cell culture system and interacted with its in vivo homolog, agouti signaling pro-(Park et al., 2000).
During the course of studies of syndecan function tein (ASP). Further, the transgenically misexpressed hypothalamic syndecan-1 causes obesity only when at the in mice, we discovered that transgenic expression of syndecan-1 under the control of the CMV promoter/ cell surface. We hypothesized that transgenic misexpression of enhancer yields high levels of syndecan-1 in multiple somatic tissues and in specific regions of the brain syndecan-1 in the hypothalamus mimics a physiological modulator of feeding behavior. In wild-type mice, we where it is not normally expressed. Transgenically expressed syndecan-1 was found in the hypothalamic nudetermined that syndecan-3, the predominantly neural member of the syndecan family, localizes in regions of clei that control energy balance, and was associated with maturity-onset obesity. We named these mice synthe hypothalamus that control energy balance, is shed under physiological conditions, and that its level indtrophin from syndecan and from the Greek word trofis, meaning well fed. The obesity phenotype of syndtrophin creases several-fold in response to food deprivation in a manner identical to various anti-satiety neuropeptides. mice closely resembled that of mice with impaired action of hypothalamic ␣MSH, viz agouti lethal yellow (A equivalent to their ϩ/ϩ littermates (5.5 g chow per day) All transgenic mice were normal at birth in litter size and for 2 weeks. While Snd/Snd mice on an unrestricted diet morphology, and grew at a normal rate through sexual continued to gain weight, their food restricted partners maturity. Whereas syndecan-1 is normally expressed in showed no significant increase in weight. The lack of nearly all parenchymal tissues, and is most prominent weight gain on a pair fed diet suggests that the weight in epithelia (Bernfield et al., 1999) , the transgene was gain is primarily due to hyperphagia. even more widely expressed. Immunohistochemical Syndtrophin mice accumulate fat in all adipose tissue analysis of Tg.SndA/SndA, Tg.SndB/ϩ, and Tg.SndE/ϩ depots as visualized by magnetic resonance imaging mice showed syndecan-1 overexpression in most epi-(data not shown). Carcass analysis indicated that the thelial tissues and misexpression in several mesenchyincreased weight was due to accumulation of neutral mal tissues, including adrenal, kidney, heart and skeletal fat. Snd/Snd males contained 2.5-fold more triglyceride muscle, and brain. Syndecan-1 was on cell surfaces in while females contained 2.9-fold more triglyceride than these tissues with the exception of heart and skeletal controls. Although the amount of total protein in the muscle where staining was intracellular. Syndecan-1 transgenic mice was increased (data not shown), total protein expression in tissues from nontranslatable conprotein as a proportion of body weight was the same trol lines Tg.SndC/SndC, Tg.SndF/ϩ, and Tg.Snd/Gϩ as in the wild-type mice. All organs showed increased was identical to that in wild-type mice.
weight but only adipose tissue showed an increase that was proportionately greater than the increase in body Transgenic Expression of Syndecan-1 Leads weight. Snd/Snd mice showed a 10% increase in overall to Maturity-Onset Obesity body length (data not shown). The proportional inAt approximately 8 weeks, both homozygote and hemicreases in organ weights and total protein and the inzygote Tg.SndA line mice begin to show increased body creased length suggest that lean body mass is not afweight (Figures 1a and 1b) . While wild-type (ϩ/ϩ) mice fected in these mice. plateau in weight, the transgenic mice continue to gain Syndtrophin mice show increased plasma leptin, insuweight throughout life, although at a reduced rate belin, and glucose levels (obese males) but normal corticoyond six months of age. Hemizygotes showed a weight sterone levels (Table 1) . Glucose, insulin, and leptin levgain intermediate between homozygotes and wild-type els at 6 weeks were normal but obese (6 month) Snd/ mice. The two additional lines (Tg.SndB and Tg.SndE) Snd males were hyperinsulinemic and hyperglycemic, showed similar growth profiles (data not shown). Lines with glucose levels exceeding 500 mg/dl. Leptin levels containing the nontranslatable syndecan-1 transgene correlated with the extent of obesity; levels were 5-fold (Tg.SndC, Tg.SndF, and Tg.SndG) did not become over controls in males and greater than 10-fold in feobese (data not shown). Because only data from the males ( transfectants were treated with 100 nM ␣MSH or its stable analog NDP-␣MSH (100 nM), and assayed for and ASP both bind in a heparin-and salt-dependent manner (Figures 3a and 3b) and ϩ/ϩ mice were partially purified by the phenol/GuHCl method, and blotted using affinity-purified mouse syndecan-3 antibodies. (d) Hypothalamic syndecan-3 levels increase in response to food deprivation. Six-week-old C57Bl/6J male mice were either fed ad libitum or food-deprived for 24 hr with free access to water. The mice were then sacrificed, each hypothalamus rapidly removed, and individually extracted. The proteoglycans were partially purified using phenol/GuHCl method, digested with heparin lyase II and chondroitinase ABC, and the HSPGs analyzed by Western analysis using (1) mAb 3G10, which reacts with a lyase-produced HS epitope on HSPG core proteins, or (2) affinity purified antibody specific for mouse syndecan-3. (e) Syndecan-3 null mice show diminished reflex hyperphagia compared to their control ϩ/ϩ littermates. Three month old male syndecan-3 null and wild-type littermates were individually housed and acclimatized for a one week period. Mice were weighed and food deprived for 16 hr beginning with the onset of the dark cycle. The next day, mice were weighed, a preweighed amount of chow was provided, and chow weighed at the indicated times. Data presented are mean Ϯ SEM, syndecan-3 null (n ϭ 7) and ϩ/ϩ (n ϭ 5), and are combined from two independent experiments. ectodomain and membrane-bound forms of syndecan-3 and detected by either an antibody specific for the heparin lyase generated epitope, mAb 3G10 (Figure 5d  (Figure 5b) .
We hypothesized that if hypothalamic syndecan-3 is panel 1) or an affinity-purified syndecan-3 antibody (Figure 5d, panel 2) . The bands detected correspond in physiologically involved in regulating feeding behavior, its level would change with feeding as do various hypothala-PAGE mobility to syndecan-3 and to various glypicans; no other HSPGs were detected (Figure 5d, panel 1 ). mic peptides that modify feeding behavior . Hypothalamic HSPGs extracted from unRemarkably, food deprivation increased hypothalamic syndecan-3 levels more than 4-fold above that of ad restricted and food deprived (24 hr) wild-type C57Bl/6J mice were heparin-lyase treated, subjected to PAGE, libitum fed mice, while the levels of the putative glypi- 
Discussion
Our finding that transgenically expressed hypothalamic cans were unchanged ( Table 2 ). The elevated levels of syndecan-3 fall with refeeding (data not shown). Besyndecan-1 causes hyperphagia and obesity has uncovered a physiological role for syndecan-3 in the modulacause the GAG-free soluble ectodomain binds poorly to the cationic membrane used for the blots, the levels tion of feeding behavior. We find that syndecan-3 is expressed in hypothalamic feeding centers, is both at seen here predominantly represent cell surface syndecan-3. Thus, hypothalamic cell surface syndecan-3 levthe cell surface and shed as the soluble ectodomain, its levels change in response to food deprivation, and els change with food deprivation and refeeding in a manner similar to Agrp and other hypothalamic modifiits deficiency results in markedly reduced reflex hyperphagia after food deprivation. Our results add syndecan-3 ers of feeding behavior.
Because syndecan-3 is induced upon food deprivato the panoply of factors involved in the control of body weight. This multiplicity of regulatory peptides and retion, we evaluated whether its loss, in null mice, would modulate feeding behavior. Syndecan-3 null mice are ceptors likely reflects the evolutionary importance of body weight maintenance, but can obscure the effects viable, born in expected Mendelian ratios, are healthy, and show no apparent morphological, histological, or of manipulating any single signaling system (Palmiter et al., 1998). behavioral abnormalities. However, they exhibit marked changes in hippocampal long-term potentiation and in Transgenic expression of syndecan-1 results in obese mice that resemble mice with reduced action of ␣MSH. spatial memory. These mice will be described in a separate publication (M.K., I. Pavlov, V. Voikar, S. Lauri, A.
In these mice, obesity develops after they reach maturity, corticosterone levels are normal, lean body mass Heinola, M. Lasko, T. Taira, and H.R.). Supplemental information on the generation of the mice is available is unaffected, and body size slightly larger than in wildtype mice ( fluorophore Texas Red at 10 g/ml (Jackson ImmunoResearch Laboratories, Inc.). Confocal images were collected on a Zeiss LSM410/ Alternatively, tissues were homogenized and extracted in buffer containing 0.32 M sucrose, 10 mM HEPES (pH 7.4), 5 mM EDTA, 1 Zeiss Axiovert 135TV system. Fluorescein signal (488 nm) and Texas Red (586 nm) were collected sequentially on separate channels to mM EGTA, and Complete protease cocktail (Boehringer Mannheim). Homogenates were centrifuged in at 5,000 ϫ g to remove avoid bleedthrough. Digital reconstruction and image processing was performed using Photoshop 6.0 (Adobe, Inc.). nuclei and cell debris, pellets were reextracted, and the supernatants centrifuged at 100,000 ϫ g for 1 hr at 4ЊC. The supernatants Syndecan-3 expression in wild-type mice was performed as follows: adjacent sections were deparaffinized and blocked as dewere partially purified over Q-Sepharose. The pellets were extracted in a 4 Guanidine-HCl/50% buffered phenol/0.2 sodium acetate (pH scribed above. Primary antibodies were diluted appropriately in blocking buffer and applied to the adjacent sections overnight at 4.5) and extracted as described below.
4ЊC. The affinity-purified rabbit polyclonal antibody against the murine syndecan-3 ectodomain was used at a concentration of 2 g/ Hypothalamic Proteoglycan Extraction and Analysis ml. The affinity purified rabbit anti-mouse oxytocin (Phoenix PharEach individual hypothalamus was dissected from surrounding tismaceuticals, Inc.) was used at 10 g/ml. The primary antibodies sue (approximately 20 mg wet weight), extracted in 1 ml 4 M Guaniwere detected using a rabbit IgG-specific secondary antibody condine-HCl, 50% buffered saturated phenol, 0.2 M NaAcetate (pH 4.5), jugated to biotin at 0.5 g/ml and the signal amplified using the and the samples rapidly vortexed for one minute. To this extract, ABC-HRP method with diaminobenzidine/nickel according to the a 0.2 ml CHCl 3 /Isoamyl alcohol (IAA) was added and the sample manufacturer's instructions (Vector Laboratories, Inc.). Images were centrifuged at 14,000 ϫ g for 10 min to form aqueous and phenol collected by digital acquisition on a Zeiss Axioskop 2 system and phases. The phenol phase contains protein while the aqueous and processed using Zeiss OpenLab software and Photoshop 6.0. interphase contain proteoglycans and nucleic acids. The phenol In situ hybridization was performed using nonisotopic digoxiphase was discarded and the aqueous and interphase were reexgenin-labeled riboprobes on coronal brain sections. Antisense ribotracted twice in phenol and CHCl 3 /IAA and subsequently precipiprobe specific for the murine syndecan-1 transcript produced spetated with 3 volumes of 96% ethanol, 1.7% potassium acetate.
cific staining relative to a control sense riboprobe controls, which Pellets were resuspended in Tris-buffered saline containing 0.5% gave no signal. To visualize the probe, an anti-digoxigenin alkaline Triton X-100 and reprecipitated several times to remove all traces phosphatase conjugated antibody was applied to the sections and of guanidine-HCl. Samples were digested with chondroitinase ABC the signal was detected by an 8.5 hr incubation with the BM purple and heparin lyase II and analyzed on SDS-PAGE. After transfer to substrate (Roche Biochemicals). Microscopy was performed on the cationic nylon membranes (Immobilon N, Millipore Corp), HSPGs Zeiss Axioskop 2 as described above. were immunodetected using affinity-purified mouse syndecan-3 antibody and anti-stub antibody (3G10) kindly provided by Dr. Guido 
Analysis of Plasma Constituents

Statistical Evaluation Primary antibodies were diluted appropriately in blocking buffer
All values are means ϩ/Ϫ SEM. Two-tailed Student's t test was and applied to the sections overnight at 4ЊC. The rat monoclonal used to test for the significance of differences. antibody 281-2 against the murine syndecan-1 ectodomain (Jalkanen et al. 1985) was used at a concentration of 2.24 g/ml. The affinity purified rabbit anti-mouse oxytocin (Phoenix PharmaceutiAcknowledgments cals, Inc.) was used at 10 g/ml. The 281-2 mAb was detected using a rat IgG 2a-specific secondary antibody conjugated to horseradish
The authors would like to thank members of the Bernfield laboratory and Dr. Joseph A. Majzoub for advice, input, and critical reading of peroxidase at 1 g/ml (Jackson ImmunoResearch Laboratories, Inc.) and the signal amplified using fluorescein-coupled tyramide amplifithe manuscript. We would also like to thank Sharlene Yang for excellent technical assistance and Karen Strehlow for her initial cation according to the manufacturer's (New England Nuclear) instructions. Oxytocin was detected by direct immunofluorescense work on the syndtrophin mice. This work was supported by grants from the National Institutes of Health (NIH) to M.B. (HD06763), J. using a rabbit IgG-specific secondary antibody conjugated to the
